Objective. This paper describes the design, microfabrication, electrical characterization and biological evaluation of a high-density micro-needle array. The array records from and electrically stimulates individual neurons simultaneously in acute slices of brain tissue. Approach. Acute slices, arguably the closest in-vitro model of the brain, have a damaged surface layer. Since electrophysiological recording methods rely heavily on electrode-cell proximity, this layer significantly attenuates the signal amplitude making the use of traditional planar electrodes unsuitable. To penetrate into the tissue, bypassing the tissue surface, and to record and stimulate neural activity in the healthy interior volume of the slice, an array of 61 micro-needles was fabricated. Main results. This device is shown to record extracellular action potentials from individual neurons in acute cortical slices with a signal to noise ratio of up to ∼15:1. Electrical stimulation of individual neurons is achieved with stimulation thresholds of 1.1-2.9 μA. Significance. The novelty of this system is the combination of close needle spacing (60 μm), needle heights of up to 250 μm and small (5-10 μm diameter) electrodes allowing the recording of single unit activity. The array is coupled to a custom-designed readout system forming a powerful electrophysiological tool that permits two-way electrode-cell communication with populations of neurons in acute brain slices.
Introduction
The study of interactions between neurons in the brain is of scientific importance and has many applications including advancing the understanding of retinal processing [1] , network development [2] and neurodegeneration [3, 4] . 6 Equal contribution. 7 Author to whom any correspondence should be addressed.
Current veins of research revolve around trying to record and stimulate with optimal spatial and temporal resolution, activity in networks of neurons throughout a useful volume of tissue. Many approaches have been adopted including optical and electrical techniques, in vitro and in vivo. Optical methods include imaging neurons' activity using voltage sensitive [5] or calcium indicator dyes [6] coupled with optical recording techniques. At best, these methods offer individual spike resolution, limiting the efficacy of neuron detection.
In this paper, an electrophysiological method of recording and stimulating neurons in acute brain slice preparations is described. Electrophysiological methods have been employed very successfully for many years. A general disadvantage is that the necessary placement of electrodes in close proximity to cells makes it a relatively invasive method. This is outweighed, however, by the critical combination of high spatial and temporal resolution that recordings from planar microelectrode array technologies afford and that are essential for reliable and high efficiency detection of individual neurons and action potentials. Planar arrays of microelectrodes can successfully record neuronal action potentials in vitro from retina [1, 7] and cultures (dissociated and organotypic) [8] [9] [10] [11] and in acute brain slice preparations [12] although local field potentials are far more commonly recorded [13, 14] . The planar nature of these types of arrays limits their usefulness with acute in vitro brain preparations since the surface layer of the tissue is damaged during the slice preparation. For studying acute slices, electrophysiologists have used, for many decades, a patch-clamp [15, 16] to attach to, intracellularly record from and stimulate a single neuron. The very nature of the patchclamp technique restricts its use to studying the behaviour and connectivity of only a limited number of cells. To study the behaviour of many (tens or hundreds of) neurons in acute local networks, arrays of micro-needles have been developed to penetrate past the damaged surface layer. Processes have been devised by several groups for the fabrication of needle arrays for both in vivo and in vitro preparations and for recording single and multi-cell activity and local field potentials [17] [18] [19] [20] [21] . The current state-of-the-art in devices of this nature, whilst working very well to record and stimulate neurons in acute (and in vivo) neural preparations, have widely spaced needles and as a result, limited spatial resolution or they have limited needle lengths with little flexibility in the fabrication process for multiple lengths. Current devices include 3D micromolded microelectrode arrays (700 μm spacing [17] ), a high-aspect ratio micro-needle array (300 μm × 400 μm spacing [18] ) and commercially available technologies such as the Utah array (400 μm spacing [19] ), the bioMEA TM system (250 μm × 450 μm spacing [20] ) and the Qwane Biosciences MEA biochip (∼60 μm high needles with 100 μm spacing [21] ).
The focus of the work presented in this paper has been the development and characterization of an array of micro-needles for in vitro acute slice work, which aims to address the aforementioned limitations of other currently available technologies by providing an array of closely spaced needles of substantial length. The first generation high-density array of micro-needles enables the combination of unprecedented spatial and temporal resolution and the flexibility to incorporate multiple length needles. The device is designed to be compatible with existing low noise preamplification and stimulation circuitry [22, 23] . The array itself is non-transparent and resembles a microscopic bed-of-nails. It is comprised of 61 hexagonally close-packed needles, with 60 μm inter-needle spacing. Each needle can be engineered to measure up to 250 μm in length with the possibility of multiple needle lengths on any given array, and has a small (5-10 μm diameter) conducting tip. This results in an array of closely spaced, low impedance, electrodes capable of penetrating into neural tissue. Localized recordings of individual neuronal behaviour were obtained with a good signal to noise ratio and high spatial resolution. To quantify this statement: a typical electrode has an impedance of 300 k at 1 kHz and an average RMS noise of ∼5 μV in the frequency bandpass range of 43-2000 Hz. Action potentials were recorded (with amplitudes up to 110 μV) from acute rat cortical slices using an array with 100 μm length needles. Accounting for both the electronic noise of the system (∼5 μV RMS) and the biological background noise which varies depending on the nature of the surrounding neural activity (i.e. it is higher when many cells have bursting activity simultaneously), the system has ∼7 μV RMS noise and typically operated with a signal to noise ratio of up to ∼15:1. The electrodes were also shown, as proof of principle, to be capable of eliciting action potentials with individual neuron precision via electrical stimulation using three-phase charge-balanced current pulses with 50 μs/phase and current amplitudes as low as ∼1.1 μA.
Materials and methods

Electrode array fabrication
The bed-of-nails is made using a novel combination of semiconductor fabrication techniques. It is a double-sided process which relies on the deep reactive ion etching (DRIE) of silicon, low-pressure chemical vapour deposition of tungsten (for conformal coating of high aspect ratio structures), selective chemical wet etching for wafer thinning and photolithographic techniques to pattern positive tone photoresists. The process is outlined in steps (i) to (viii) and these correspond to the schematics in figure 1.
(i) DRIE etch silicon. The first step in the fabrication process is to etch arrays of 61 hexagonally close packed, high aspect ratio (11:1), tapered holes to a depth of ∼300 μm in to a 4-inch diameter, 350 μm thick silicon wafer. On to this wafer, ten devices are fitted. Following a combined pre-bake at 150
• C (to remove moisture) and an HMDS (hexamethyldisilazane) prime (to improve adhesion of photoresist to the wafer), SPR220-7 photoresist is spun to a thickness of 7 μm, and baked on a hotplate at 90
• C for 200 s. Standard UV contact photolithography (using developer MF-26A) is used to pattern the photoresist in to arrays of holes, each having a 25 μm diameter. This patterned mask is hardened by oven baking for 1 h at 120
• C. The holes are etched using a STS ICP (inductively coupled plasma) deep reactive ion etcher, which switches between CH 4 passivation and SF 6 etch steps to achieve the required etch profile (Bosch process). This profile defines the shape of the needle.
(ii) Thermal oxidation and metallization. A 2 μm thick silicon dioxide layer is thermally grown at 1050
• Ct of o r m a high-quality, uniform sidewall insulation. The tapered point at the base of the etched hole will eventually be the conducting tip of the needle making it important to have a conformal metal coating. To this end, 400 nm of LPCVD (low pressure chemical vapour deposition) tungsten (W) is deposited. Prior to the tungsten deposition, a titanium layer (50 nm) was sputtered to promote tungsten adhesion to the thermal silicon dioxide (not shown in figure 1 ). (iii) Readout lithography. The tungsten layer is patterned using a pre-bake and HMDS prime followed by spinning Shipley 3612 photoresist to a thickness of 1.6 μm. The photoresist is oven baked at 90
• C for 30 min before UV exposure and oven baked at 120
• C for 60 min after developing. Photoresist spun over the perforated surface of the silicon wafer is always spun relatively thin. It is baked in an oven rather than a hotplate since lower gradient temperature ramping avoids resist bubbling over the etched holes. This resist layer is used as standard for all of the remaining photolithography steps in this process. An SF 6 reactive-ion etch removes the exposed tungsten, electrically isolating each electrode. (iv) Polysilicon deposition. For mechanical strength, 4 μmof LPCVD polysilicon is deposited and patterned to fill, or at least partially fill, the holes. A 1.6 μm photoresist mask and an SF 6 etch with 10% oxygen are used respectively to mask and etch the polysilicon. This exposes the tungsten readout for electrical contact in the next step. These first steps have essentially embedded arrays of conducting needles in to the wafer. (v) Aluminium (Al) deposition and patterning. A short argon etch removes a few nanometres of surface material preparing the wafer surface for a 1 μm layer of sputter deposited aluminium, which makes electrical contact with the exposed tungsten. Sputtered aluminium is a wellestablished, reliable contact for wire bonding (which is used to connect the array to the readout electronics at a later stage). The aluminium is patterned using a 1.6 μm photoresist mask and a Al- In this process, the bulk silicon will ultimately be etched to leave ∼100 μm thickness (this provides mechanical strength around the needles). To retain the mechanical strength of the device, a frame around the edge of the device is protected with a mask of silicon dioxide. On the backside (with holes and readout) of each device, Protek B3, an etch mask resistive to wet chemical base etches is spin-coated. A 25% concentration TMAH (tetra methyl ammonium hydroxide in water) solution, heated to 95
• C, is used to remove enough of the bulk silicon to expose the oxide-coated needles. The silicon etch rate is ∼0.9 μmmin −1 and so thin (325-350 μm) silicon wafers are used to avoid long etch times. The slow etch rate is beneficial for accurately defining the length of the needle and, in particular, the conductive tip. At some point during the silicon etching, the arrays of oxidecoated needles will begin to appear. When the desired length of tip (length of needle needed to be conducting) is exposed from the silicon, the device is removed from the TMAH and rinsed thoroughly in water. Using dilute (5%) buffered hydrofluoric acid, as much as 75% of the tip oxide thickness is etched. It is critical that a thin layer of oxide remains at the tip and no tungsten is exposed. electrode, leaving a few tens of microns of silicon as the support substrate. A 2% concentration of hydrofluoric acid (which is selective to tungsten) is used to remove the remaining oxide from the tip, exposing a small tungsten electrode. The protective Protek is removed in acetone followed by a low-power oxygen plasma clean. The silicon chip is glued to a support piece of silicon or glass (for strength) and is wire-bonded to a PCB making it compatible with the existing readout system (see figure 2 ).
The final step of fabrication, not shown in figure 1 ,i s to lower the impedance of the electrode. This is done by electroplating the tungsten needle tips in chloroplatinic acid at a current density of 4 nA μm −2 causing the formation of a granular platinum structure (platinum black). The electrode surface area is significantly increased but with negligible increase to the electrode diameter.
Readout and stimulation electronics
The array is wire bonded to a daughter PCB (see figure 2(b) ) enabling it to interface with an existing circuit board (see figure 2(c)) housing low-noise readout and low-artefact electrical stimulation electronics [22, 23] . The bed-of-nails device connects to the electronics through z-axis interconnects. Two 64-channel readout ASICs (Neuroplat-chip [24] ) accouple, amplify, bandpass-filter and multiplex recorded signals from the array at 20 kHz per channel. Arbitrary patterned electrical stimulation is possible through two computercontrolled ASICs (Stim-chip [23, 25] ). Only 32 channels of each chip are used in this application. Whilst the needle separation defines the spatial resolution of the system (60 μm), the electronics define the temporal resolution (50 μs) completing this 3-d neural recording and stimulation system for acute slices.
Experimental setup
This section describes the procedure and experimental setup for the preparation of acute slices and the running of experiments. A schematic of the experimental set-up is shown in figure 2 . A clamp incorporating flow tubes and an in-line heater is used for the perfusion of artificial cerebrospinal fluid (ACSF) which is made up of 124 mM NaCl, 3 mM KCl, 2 mM MgSO 4 ,1 . 2 5m MN a H 2 PO 4 ,2 6m MN a H C O 3 , 10 mM D-glucose and 2 mM CaCl 2 . ACSF closely matches the electrolyte concentrations of cerebrospinal fluid (CSF) and is commonly used in in vitro neural studies to imitate the natural environment of neurons [26, 27] . A reference platinum wire encircles the chamber and is the differential input to the amplifier channels. The needles are highlighted in the centre of the chamber.
Animals were maintained in the animal facility at the University of California Santa Cruz (UCSC) and used in accordance with protocols approved by the UCSC Institutional Animal Care and Use Committee. Sprague-Dawley rats (purchased from Charles River Laboratory) aged between p14 and p21 were used. The intact brain is removed and 300 μm thick slices were prepared (using a microtome) in a sucrose solution (206 mM sucrose, 2 mM KCl, 1 mM MgCl 2 ,2mM MgSO 4 ,1 . 2 5m MN a H 2 PO 4 ,2 6m MN a H C O 3 ,1 0m MDglucose, 1 mM CaCl 2 ) chilled to 4
• C. The slices were cut using the method described in [28] . A slice is incubated in ACSF for approximately 1 h at room temperature and is then transferred on to the array and positioned over the needles. The data presented here is taken from 7 slices harvested from 6brains.
A platinum wire, framing a fine mesh membrane, weights the tissue to the array. Excited ACSF (eACSF) solution is perfused through the chamber to maintain tissue health. The solution closely resembles the ACSF solution described above but has the magnesium element (MgSO 4 ) removed and potassium levels elevated to 5 mM to encourage cell activity. It is perfused at a rate of 3 ml min −1 at a temperature of 37 • C and is bubbled throughout experiments with a 95% O 2 :5% CO 2 gas mix.
Results
Device fabrication
A process was successfully developed for the fabrication of the high-density micro-needle arrays. Figure 3 shows a variety of microscope and SEM images of the micro-needle array at various stages of the fabrication process.
Electrical characterization
In order to record action potentials from individual neurons, a microelectrode must have low impedance whilst maintaining a small diameter. The electrode impedance is measured by applying a sinusoidal voltage stimulus (0.1 V peak-to-peak) through a physiological saline solution. The measurement of interest is at 1 kHz since typical extracellular action potentials have ∼1 ms duration. The impedance of the electrodes was measured before tungsten exposure, before platinizing and after platinizing and was found to lower, from ∼1M after oxide removal, to ∼300 k after platinizing. For stimulating electrodes it is also important to quantify the charge capable of being delivered by each electrode and thereby its suitability for cell stimulation. Using cyclic voltammetry, the charge capacity of a platinum black electrode is found to measure in the region of 0.1 mC cm −2 consistent with values from the literature [29] .
Electrophysiological recordings
Experiments were performed with rats aged between postnatal day 14 and 21. For the data shown in this section, the slice was cut from a p19 Sprague-Dawley rat. Action potentials were recorded from cortex within the first 10 min of placing the slice on the array and starting the perfusion of oxygenated (95% oxygen: 5% carbon dioxide) eACSF. Typical spike amplitudes (extracellular) were between 30 and 110 μV. D a t a were recorded for 30 min and spike sorted using the principal component analysis/clustering techniques described in [7] t o identify the number, position and activity of the neurons. Examples of extracellular action potentials recorded from a 61-needle array with a 60 μm inter-electrode spacing and 100 μm needle height are shown in plot (a) of figure 4.A 30 min recording of spontaneous activity was analysed and identified 19 individual neurons. Although neural activity is recorded across all electrodes and from more neurons, a strict spike-sorting regime [7] reduces the data to 19 individual (and very cleanly identified) single units as shown in figure 4(b) . The position of each neuron is defined as the centre point of the two-dimensional Gaussian fit to the electrophysiological image (EI) where an EI is the image of each identified neuron in terms of the averaged voltage waveform generated on each electrode as the neuron spikes. The averaging (which is over 1000 spikes in this analysis) eliminates uncorrelated noise and reveals the somatic signals as well as the smaller dendritic or axonal signals (see [7] ). The method of positioning the neuron, by fitting to the EI, can position a neuron outside of the bounds of the array but the accuracy is reduced since less data exists for these neurons. A line attaches each neuron to the seed electrode where the seed electrode is defined as the electrode that records the signal of largest amplitude, usually the electrode closest to the cell body. To highlight the advantage of high-density electrodes, the data were re-analysed with 75% of the electrodes removed to have, effectively, an array with 120 μm inter-electrode spacing and a hexagonally close-packed geometry. The data were analysed using every permutation of the 120 μm spaced array (there are 4) and the mapping with the most competitive result was used as a comparison to the 60 μm spaced array. In figure 4 (c), the positions of neurons found from both analyses (60 and 120 μm) are plotted. Sub-sampling the data in this manner reduces the number of neurons by a factor of 3.2 (from 19 to 6), while the number of neurons per electrode remains the same, from 0.31 to 0.32. A further six unique datasets (from different tissue preparations) were also analysed this way. It was found that the number of neurons, at best, was halved when the electrode spacing was increased by the factor of two. At worst, the number of neurons was reduced to less than 10%.
In figure 5 , a further example of the benefit of higher spatial resolution is illustrated. The EI generated for a neuron identified in both analyses (60 μm and 120 μm) but on different electrodes is shown. From the triphasic signal recorded on electrode 2 it is clear that the same neuron has been identified. However, it is also clear that information has been lost e.g. the somatic (biphasic) signal on electrode 1 is not observed in the subsampled analysis. Figure 6 displays each of the 61 hexagonally closepacked electrodes as a circle with a diameter representative of the maximum (negative) signal amplitude (from a particular neuron) recorded on each electrode-the EI of the neuron. The diameter of the circle is not exactly proportional to the amplitude since it saturates at the pitch of the electrodes to avoid overlapping circles in the plot. In this figure, the EIs of four neurons are shown. The seed electrode, coloured red, is represented by the circle of largest diameter for each of the four neurons. The average waveform recorded by the seed electrode on all four neurons is shown. For neurons A and C, waveforms from neighbouring electrodes are shown also. On all 4 neurons, a classic extracellular somatic waveform can be seen on the seed electrode. On neighbouring electrodes, much smaller triphasic signals are observed which may be associated with dendritic or axonal signals. A total of 19 neurons were found over an electrode coverage area of 0.13 mm 2 .
Electrical stimulation of neurons
Electrical stimulation is a critical component of network studies. Electrodes, whether single wire or arrayed For two neurons, responses to electrical stimulation are shown. In the first column the charge-balanced, triphasic stimulation pulse is shown. 50 μs after this pulse is applied, a 5 ms recording is shown for each neuron (second column). The iterations where a response is recorded are highlighted in blue. Trials with no response are highlighted red. In the third column, the stimulation artefact has been removed from the raw data by identifying the artefact waveform using PCA/clustering techniques [7] . Column 4 makes a comparison between the stimulated action potential waveform (shown for a number of iterations-solid grey line) and the averaged waveform of the spontaneous neuron identified on the same electrode (dashed black line). The positions of neurons 1 and 2 are shown in figure 8(a) , with the location of the associated spontaneous neurons 'a' and 'b' shown in figure 8(b) .
microelectrodes, are commonly used to stimulate individual neurons or larger structures. Microelectrode array technologies and sophisticated electronics have been combined to achieve high spatial and temporal resolution, in vitro extracellular stimulation of neurons and the recording of their responses over a large area [29] . In acute slices the micro-needle array offers the advantage of close proximity to neurons, within a locally intact network, thereby increasing the efficiency for stimulation relative to that achievable with planar electrodes. The results in this section are taken from a single preparation of cortex from a p18 rat. The tissue was prepared as outlined in section 2.3 and once it became active, spontaneous activity was recorded for 30 min. The following electrical stimulation scan was then run. A range of current amplitudes from 0.4 to 4 μA with 10% increments was applied to each electrode (50 iterations for each current level). The current pulse was triphasic and charge balanced with duration of 50 μs/phase, and with relative amplitudes for each phase of 2:-3:1 (see figure 7 , leftmost column). Triphasic pulses were used to reduce the electrical artefact [23] . The negative of the current amplitude of the second phase is used to specify the pulse current. To identify stimulated neurons, the recorded data from the stimulation experiment is organized in to 5 ms time periods taken from 50 μs following the end of each stimulation pulse. For each electrode and each stimulation current amplitude, the responses to the 50 iterations of that amplitude are overlaid in the same plot. These data are analysed to observe evidence of stimulation [30] . Figure 7 shows the triphasic stimulation pulses and the corresponding recorded signals, indicating stimulation of two identified neurons (neurons 1 and 2 corresponding to those labelled in figure 8(a) ). For these examples, the stimulation efficiency was less than 100%. Each plot in column 2 shows clearly two distinct clusters of waveforms: in red are the artefact waveforms (unsuccessful stimulation trials) and in blue are the artefacts plus elicited spike waveforms (successful stimulation trials). A comparison of successful stimulation trials with the averaged waveform of a spontaneous neuron found on the same electrode is also shown. These are seen to match well for both neurons. The spontaneous neurons are labelled 'a' and 'b' in figure 8(b) and correspond with stimulated neurons 1 and 2 respectively. It should be noted that this close comparison of waveforms is not always the case, which could perhaps be attributed to contamination during artefact subtraction or stimulation of a neuron that has no spontaneous activity.
Both the spontaneous and stimulation data were analysed to identify neurons. Figure 8 
Discussion
A challenging fabrication process was developed and successfully produced robust and re-usable arrays of 61 hexagonally close-packed micro-needles. The particular process developed is versatile and can be adapted to accommodate larger area, higher density arrays and multiple length needles on a single array (see figure 9) .
Increasing the number of electrodes without compromising spatial resolution is of immediate interest. It is expected that an array of ∼500 electrodes, hexagonally close-packed with 60 μm inter-needle spacing (as shown in figure 9(a) ), could record from an order of magnitude more neurons than the 61-needle array reported on here. The ability to simultaneously record from hundreds of neurons could be critical to further understanding connectivity in local networks. Whilst the process for micro-needle fabrication is versatile, it requires adjustments to produce devices with hundreds of needles. For example, the pitch of the bond pads requires the device to be directly wire-bonded to the readout electronics (the pitch is too high for use with z-axis connectors as with the 61-needle device). To enable this, through-silicon vias are required to connect the tungsten readout from each needle (on the backside of the device) to an aluminium bond pad on the front-side of the device and this requires some process development. Also, to have a uniform process over hundreds of needles, the deep reactive ion silicon etch and the thermal oxidation steps, in particular, have to be tightly controlled. In devices that increase spatial resolution and/or area coverage, higher resolution tungsten readout is required (e.g. a device with 512-needles and 30 μm hexagonally close-packed spacing has a minimum feature size of 1 μm) and is achievable with more advanced lithographic techniques. Arrays with multiple length needles are possible using the fabrication techniques outlined, though etch parameters (such as hole diameter and etch time) will have to be chosen carefully. The fundamentals of the fabrication process described in this paper are transferrable to future generations of micro-needle technology. Another future generation of this device could be a micro-needle array for in vivo applications. Ultimately, the ideal method for brain studies is in vivo, however, technology (in terms of the combination of spatial and temporal resolution) is limited for this preparation. Whilst, commercially available devices do exist [19, 31] and are very effective in the field, the high-density micro-needle array presented here, if appropriately modified, could be used, for example, to record from superficial cortical layers-potentially a rewarding endeavour with a dense electrode array. Substantial changes would be required to be made to the physical set-up of the electronics and the layout of the micro-needle array; however, they are realistic and are a potential future direction of this work.
A further point about the micro-needle recordings is worth noting. It can be seen in figure 8 that no neurons were found (from stimulated or spontaneous activity) on the top-right portion of the micro-needle array. Most likely this is from poor contact between the tissue and the array. The experimental procedure, in particular the tools used for weighting the tissue to the array, and also for tissue slicing, has since been improved. Therefore improvements in the number of neurons identified, coverage of the array, and signal to noise ratio (on both types of arrays) are expected as a consequence.
A noticeable feature of the EIs recorded from the microneedle array is their limited spread across, at most, seven or eight electrodes neighbouring the seed electrode (see figure 6 ). This EI geometry is different from the EIs recorded from the two-dimensional layout of ganglion cells in the retina [7] and could be attributed to a larger proportion of cells having myelinated axons (retinal ganglia are myelinated outside the region studied in [7] ) or to the intrinsically three-dimensional nature of networks of neurons in the brain. To improve the spatial resolution and information content of the EIs from three-dimensional cortical structures, we plan to fabricate micro-needle arrays with a higher spatial density of electrodes, larger active area, and multiple-length needles as shown in figure 9 .
As verification that higher density arrays are much more effective at detecting neurons, a comparison of the neuron identification analysis for 60 and 120 μm spaced arrays was made in section 3.3 (figure 4). The most obvious result is that the number of neurons detected on the lower density array is significantly less. This is a consequence of the very localized detection of neurons in acute slices as well as the loss of information on a neuron from neighbouring electrodes. To demonstrate: from the preparation described in section 3, 19 neurons and 6 neurons were found, respectively, from the 60 and 120 μm analysis of the spontaneous activity of the same 30 min dataset. Of the 13 neurons not detected by the lower density array, 12 had the seed electrode identified on an electrode that was not used in the sub-sampled analysis, and insufficient spike amplitude to be above the threshold on any of the other sub-sampled electrodes. The remaining one neuron (see A in figure 4) was identified on an electrode used in the sub-sampled analysis but was discarded since there were not enough data to separate the neuron from background activity in the PCA analysis. An example of the difficulty in locating the position of a neuron, which lies outside of the array boundary, is shown by neuron B in figure 4 . The two analyses position the same neuron ∼100 μm apart. Whilst the loss of information, as a result of the neuron not being surrounded by electrodes, makes the predicted position of the neuron unreliable for both analyses, the large separation is due to the fact that there is even less information from the 120 μm analysis to constrain the neuron's location.
The final aspect of this study was to determine the microneedle technology's ability to electrically stimulate individual neurons in acute slices. The overall, positive result of the experiments performed was that this technology could, with low current amplitudes, elicit action potentials from several (up to 8) individual neurons in a single preparation. In these experiments it was found that for different neurons the stimulation threshold varied between 1.1 and 2.9 μA. The variation in thresholds could perhaps be due to the unknown electrode-neuron distance in the z-plane or differences in cell type. This result warrants further investigation perhaps using devices with the increased number of 512 needles (the second generation micro-needle device which is currently being developed) combined with imaging of the anatomy of the slice using fluorescent microscopy. This system is expected to be a very useful tool for future neural stimulation studies.
Conclusions
As an important in vitro model of the brain, it is important to study network behaviour in acute slices. The challenge for microelectrode arrays, however, is bypassing the dead layer of tissue that exists at the surface of an acute slice as a result of the preparation. In our attempts, planar arrays have not been entirely successful in achieving individual neuronal recordings with good signal to noise ratio from an undamaged layer of tissue. One approach is to make arrays of micro-needle electrodes that penetrate past this damaged layer and can record and stimulate extracellular neural activity in the healthy interior volume of the cut slice. In this paper, the fabrication and characterization of such a device were detailed. The novelty of the system described compared to current device of this nature lies in the high spatial and temporal resolution recording and electrical stimulation of single unit activity that it affords. The process developed has the versatility to incorporate up to hundreds of needles on a single array, higher densities (∼30 μm hexagonally closepacked) and multiple length needles ranging between 5 to 250 μm. As a first result, this state-of-the-art, first generation array of 61 hexagonally close-packed micro-needles was shown to successfully record action potentials from neurons (∼19 neurons across 0.13 mm 2 electrode array area) in acute cortical slices. Experiments ran with excellent signal to noise ratio (up to ∼15:1) and good coverage of the spiking activity over the array, with typical extracellular signal amplitudes of 30-110 μV. Individual neurons were stimulated with triphasic 50 μs/phase charge-balanced current pulses, with thresholds from ∼1 μA. Proof of principle microfabrication processing shows the possibility of a second-generation microneedle array with multiple length needles to record from a volume of tissue and with 512 electrodes. The work reported in this paper represents a significant advancement in technologies for studying acute networks of neurons in vitro with an unprecedented combination of spatial and temporal resolutions.
